Introduction
============

Aging is the main risk factor for Alzheimer's disease (AD) and cancer ([@B117]; [@B48]). Although cancer can occur at any age, when it comes to a certain age category, it is not usually seen with AD. Even a history of either of AD or cancer associates with a significant reduced risk of the other, suggesting that these conditions cannot usually meet each other at one time ([@B98]; [@B38]; [@B102]). The main pathological outcome of AD is a massive neurodegeneration and tissue loss throughout the brain, while cancer's pathology is based on a substantial increase in cell numbers due to an uncontrolled cell division. Understanding how pathogeneses of AD and cancer with a considerable number of common features such as active cell cycle, lead to different outcomes can open the new ways of discovering therapeutic approach for either one or both conditions.

The Inverse Association Between Alzheimer's Disease and Cancer
==============================================================

A comprehensive longitudinal study on more than one million participants revealed an inverse association between AD and cancer. In this study, the risk of cancer in the presence of AD was reduced to 50% and the risk of AD in individuals with cancer was decreased by 35% ([@B81]). The report was consistent with [@B96] findings from another longitudinal study on 6,000 participants over 10 years (1989--1999). Her data demonstrated that a history of cancer decreased the risk of AD, while AD prevalence was also associated with a substantial lower risk of cancer ([@B96]). Another large 15 years epidemiological study in United States, was further demonstrated a significant reduction in cancer among the patients with AD ([@B39]). Surprisingly, it is not only glioblastoma, the most common form of brain cancer, but other types of cancer such as cancer of lung also reduced the incidence of AD ([@B99]).

Although the molecular mechanism of this diversity is not clear, the high level of cell cycle activation was found to be a common pathological phenomenon between AD and cancer. Cancer is defined by uncontrolled repeat of cell cycle in an immortal way. On the other side, despite a progressive neurodegeneration in AD brains, the neurons show a substantial increase in their cell cycle related kinases ([@B74]; [@B19]; [@B73]; [@B76]; [@B30]). This augmented attempt of neurons to proliferate is believed to start the neurodegenerative events, although its underlying mechanisms is still controversial.

At cellular levels, numerous pathological mechanisms are in common between AD and cancer. An example is involvement of phosphoinositide 3 kinase/Akt/ mammalian target of rapamycin (PI3K/Akt/mTOR) signaling pathway, an essential axis in cell proliferation, metabolism, growth and autophagy in pathogenesis of AD and cancer ([@B87]; [@B78]; [@B1]; [@B111]; [@B37]; [@B91]). It is highly possible that the components of this pathway, alone or together, act as one of the common links between AD and cancer, in a same journey of pathogenesis but to different destinations. Identifying those links, might lead us to better therapeutic strategies.

Original Hypotheses of AD Etiology: Glows and Glooms
====================================================

For more than a century since Alois Alzheimer has introduced AD for the first time this disease has been recognized by two hallmarks of extracellular senile plaques and intracellular neurofibrillary tangles (NFTs) ([@B2]; [@B71]). [@B41] reveled the structure of amyloid beta peptide (Aβ) as the main component of senile plaques ([@B41]). This discovery led to Aβ cascade hypothesis, suggesting Aβ deposition as the first trigger for AD pathogenesis, generating the other hallmarks such as NFTs, neuro-inflammation, synaptic loss and neurodegeneration ([@B49]; [@B25]). Finding mutation of amyloid precursor protein (APP) gene on chromosome 21 in many cases of familial AD (FAD) further supported this hypothesis ([@B42]). Additional investigations demonstrated that in the presence of presenilin 1 (PS1) and presenilin 2 (PS2) mutation, enhanced Aβ production from APP developed the pathology in other types of FAD ([@B60]; [@B101]). Since familial and sporadic AD shared the same pathological hallmarks and clinical manifestation, Aβ hypothesis has been used to explain the pathogenesis in both types of AD.

Beta amyloid hypothesis, however, was challenged when the presence of senile plaques were reported in normal subjects with no clinical symptoms of AD ([@B33]). The separate regional localization of Aβ and NFT and v and synaptic loss in AD patients, further questioned the confidence of this hypothesis ([@B7]; [@B92]). Meanwhile, other studies suggested a dominant role for tauopathy as initiator of AD pathogenesis. Hyperphosphorylation of tau (p-tau), the main component of NFTs, reduces its glue-like ability in binding actin's elements to each other to build tubular structure. Instead, p-tau, clumps and builds up NFTs inside the cells ([@B44]; [@B75]; [@B11]). Co-presence of NFTs, neurodegeneration and memory impairment in animal ([@B3]; [@B93]) and human studies ([@B70]; [@B40]) and a significant correlation between p-tau in cerebrospinal fluid (CSF) and the disease progression ([@B56]), supported tau hypothesis as the other explanation for AD pathology. Tau hypothesis, however, faced the same challenges as Aβ cascade hypothesis. The different spatial and temporal distribution of Aβ plaques and NFTs ([@B35]), along with a considerable level of neuronal death in some brain regions with no NFTs, raised the similar doubt, this time around tau hypothesis as the trigger of events in AD ([@B32]).

Cell Cycle Dysregulation Triggers Neurodegeneration
===================================================

Cell cycle hypothesis has been suggested later as a trigger of AD pathology ([@B82]; [@B76]). In general, cell cycle divides into four phases of G1 (cell growth), followed by S (DNA synthesis), G2 (cell growth) and eventually M (mitotic) phases. Progressing through different phases is mediated by cellular expression of particular proteins named cyclins and cyclin-dependent kinases (cdks) ([@B118]; [@B8]). For example, G1 progression is controlled by cyclin D-cdk4, cyclin D-cdk6, and cyclin E-cdk2 ([@B89]), while cyclin A-cdk2 and cyclin B-cdk1 derive cell progression through G2 and entering into M phase ([@B84]).

Many of these cdks were found elevated in AD neurons, which is an unusual finding for the cells that are considered as post mitotic cells. Although premature neurons experience cell cycle at the beginning of their life in order to differentiate to neurons, they permanently remained in a quiescent state after that for the rest of their life ([@B68]). The reason behind this lasting exit from the cell cycle is still a mystery, although the fact that brain tumors have mainly the astrocytes or oligodendrocytes origins but not neuronal origin strongly supports the fact of neuronal inability to divide ([@B64]).

In some circumstances, cell cycle re-entry in adult neurons (from G0 to G1) is followed by cell cycle arrest in an early stage (before G1/S transition point), when re-differentiation is still possible. This transient re-entry into cell cycle in healthy brain might be a part of synaptic remodeling ([@B5]), however, in a large scale, it mainly occurs as a result of insults such as oxidative stress, cytotoxicity or deprivation of neurotrophic factors ([@B57]; [@B58]; [@B21]). Under any of these stress conditions, the control mechanism on G1 to S phase progression fails and cell cycle progression is usually aborted before new DNA synthesis ([@B65]; [@B10]). Some neurons, however, escape this abortion and enter into S phase, replicate their DNA ([@B122]; [@B13]) and subsequently enter to G2 phase ([@B83]; [@B129]).

Arriving at G2 phase is the farthest stage that neurons can reach. Why cell division never occurs in mature neurons is still poorly understood, however, a non-canonical pathway of DNA replication, mediated by DNA polymerase β has been suggested as the possible explanation.

It has been shown that degenerative neurons of hippocampal and basal forebrain areas of AD brains have replicated their DNA, either completely or partially. This evidence proved that DNA replication occurs in neuronal cells of affected areas of AD brains, with no similar phenomenon in unaffected regions of the AD brain or in non-demented age-matched subjects ([@B123]). The cells, however, are largely unable to progress further to complete their division. One likely reason could be the faulty replicated DNA as a result of dominant action of DNA polymerase β in mature neurons.

While in the other cell types DNA polymerase α, γ, or 𝜀 are in charge of DNA replication, in neurons polymerase β partially finalizes this process.

The expression of DNA polymerase β, an error-prone enzyme is frequently over-regulated in AD brains, which is accompanied with the over-expression of proliferating cell nuclear antigen (PCNA) ([@B126]). Due to polymerase β error-prone activity replicated DNA contains a few errors. Supercoiling and catenation of duplicated DNA along with the lack of topoisomerase 2, required for successful decatenation and segregation of daughter loops after DNA replication is another reason for inability of neurons to divide ([@B112]; [@B4]).

The damaged DNA and unsegregated (catenated) replicons lead the cells to apoptosis ([@B53]), however, it is possible that before apoptosis occurs, the neurons remain in a permissive phase of G2 phase for a while. Some studies hypothesize that additional further insults (protein aggregation) is needed for the final progressing of the neurons to death ([@B123]). This hypothesis was further approved by showing the activation of some cellular mechanisms in G2 phase, deriving the formation of NFTs and Aβ plaques ([@B9]; [@B29]) in apoptosis incompetent neurons. These include a significant increase in APP phosphorylation at Thr^668^ by cdk2, cdk4, and cdk5, which increases its beta-amyloid production and APP proteolysis by the activated caspases during cell cycle ([@B66]; [@B24]; [@B55]; [@B36]). Overall, abnormal re-entry into the cell cycle is thought to initiate the pathway resulting in NFTs, apoptotic avoidance, and Aβ production ([@B124]; [@B74]; [@B20]).

Cell Cycle in Cancer
--------------------

Cell cycle entry is the essential mechanism to develop cancer pathology. Although the majority of the cells either permanently live in a post mitotic status such as neurons or myocytes, or are temporarily withdrawn from it such as glial cells or hepatocytes, a minor group of cells such as epithelial cells are often being into an active phase of proliferation ([@B118]). At the checkpoints between cell cycle phases, the transition is tightly regulated besides a close monitoring of genome accuracy ([@B50]; [@B109]; [@B114]). Failing to repair DNA damage could end up to apoptosis or persistent genomic abnormality, while repeating this defect in DNA replication leads to cancer pathology, presented by uncontrolled cycles of cell division ([@B14]).

Revealing cell cycle involvement in pathogenesis of both AD and cancer, suggested the same response to some triggers with a possible similar nature. Oxidative stress is widely shown in AD brains ([@B72]) and along with metabolic stress, they can be considered as the triggers to initiate cell cycle and developing AD and cancer pathology ([@B77]; [@B110]). The outcome, however, is different in response to a similar trigger. While in AD cell cycle re-entry triggers developing AD hallmarks and neuronal death instead of neuronal proliferation ([@B65]; [@B10]), in cancer cell death is replaced by unlimited cell division ([@B14]). Given the importance of mitotic mechanisms in AD and cancer, determining the common triggers that stimulate cell cycles' initiation in both conditions seems critical. Here we discuss the possible involvement of the PI3K/Akt/mTOR pathway as one of the triggers in the pathophysiology of cancer and AD, in relation to cell cycle.

PI3 Kinase/Akt/mTOR Pathway in Alzheimer's Disease and Cancer
=============================================================

The PI3K/Akt signaling pathway has a critical regulatory role in cellular growth, proliferation, survival and apoptosis ([@B125]). The main downstream target of PI3K and Akt is mTOR, a peptide with serine/threonine kinase activity. mTOR is a member of PI3K-related kinase (PIKK) family that specifically coordinates cell growth and cell division, by controlling cell cycle progression through different phases ([@B113]).

The mTOR peptide is made of two subunits. mTORC1 that is activated by growth factors, nutrients and energy signals, while mTORC2 is less sensitive to energy status and mainly regulates the actin cytoskeleton through its stimulatory impact on PKC-α and Akt ([@B80]). While mTOR constantly monitors oxygen, nutrient and mitogenic signals' availability ([@B67]; [@B128]), its activation is highly regulated by PI3K and Akt ([@B90]). Interestingly, hyperactivation of PI3K/Akt pathway is often associated with cancer progression ([@B78]; [@B1]; [@B37]; [@B91]) and surprisingly contributes to AD pathology during aging ([@B87]; [@B111]).

In animal and cell culture studies dysregulation of PI3K, Akt, and mTOR ([@B95]) was led to tumor formation, while knocking out of PI3K, Akt, or mTOR, blocked this oncogenic transformation ([@B67]), inhibited tumor growth and blocked its invasiveness ([@B23]; [@B104]; [@B108]). PI3K/Akt/mTOR contribution to AD pathology was demonstrated by numerous evidence ([@B86]). Activated mTOR is a common finding in AD brains, a possible explanation for cell cycle re-entry in AD ([@B115]; [@B12]; [@B59]; [@B6]; [@B26]). The role of activated mTOR as a cellular driving force to start proliferation suggests the contribution of mTOR in cell cycle re-entry pathogenesis of AD ([@B85]). mTOR is also believed to increase tau-induced neurodegeneration in a cell cycle-dependent manner ([@B97]), under the original driving force which could be energy stress as the initiator of abnormal cell cycles ([@B116]).

PI3K/Akt/mTOR and Autophagy: Another Common Pathological Mechanism in AD and Cancer
===================================================================================

PI3K/Akt/mTOR role in cell cycle initiation is not the only shared pathological mechanism between AD and cancer, underlying neurodegeneration in AD. Activation of mTOR has a negative impact on autophagy, a cytoprotective mechanism to clear toxic proteins such as Aβ. While enhanced autophagy due to mTOR inhibition reduces the aggregation of misfolded proteins and delays neurodegeneration in a wide range of neurodegenerative disorders ([@B94]; [@B106]), enhanced mTOR signaling contributes to inhibition of autophagy, deposition of toxic peptides and progressive neurodegeneration.

Preclinical research evidence supports that mTOR in conjunction with PI3K/Akt pathway regulates autophagy, a mechanism that could assist the body to remove malignant cells in cancer, and clear toxic proteins in AD ([@B52]). The failure of brain in autophagy and clearing aggregated proteins is one of contributing factors in AD pathology ([@B12]; [@B107]; [@B62]; [@B88]). Increase in Aβ deposition ([@B22]; [@B16]), decrease its clearance ([@B87]; [@B16]), disrupted clearance of tau and the consequent synaptic loss and cognitive decline in AD, all could occur as the result of PI3K/Akt/mTOR activation ([@B69]; [@B45]; [@B86]; [@B120]). A positive impact of mTOR inhibitors in inducing autophagy, increasing Aβ clearance and lessening Aβ aggregation was previously documented ([@B107]). Reduced autophagy is also a common pathological finding in cancer ([@B18]; [@B28]). Several studies proposed that inhibition of PI3K/Akt/mTOR pathway increased autophagy and effectively reduced the tumor outgrowth ([@B54]; [@B15]). Thus, tumorigenesis is promoted when autophagy is compromised.

A Common Trigger for Neurodegeneration and Cancer
=================================================

Hyperactivation of PI3K/Akt/mTOR under cell stress conditions could be a mechanism underlying neurodegeneration in AD ([Figure 1](#F1){ref-type="fig"}). Although under cellular stress, PI3K/Akt/mTOR acts as one of the major regulators of cell survival ([@B31]), its constant activation affect the cells in a negative manner. The repetitive metabolic stress is a shared phenomenon for both AD and cancer ([@B77]; [@B79]; [@B110]; [@B127]), which could trigger PI3K/Akt/mTOR activation, cell cycle re-entry and autophagy inhibition, the other three shared features between AD and cancer.

![PI3K/Akt/mTOR role in AD development and neurodegeneration through cell cycle activation and autophagy inhibition. Cell stress such as growth factor deprivation or metabolic and oxidative stress enhance PI3K/Akt activity. Akt activation increases Cyclin D1 activity directly or via mTOR activation, while mTOR also activates cdk4. Together enhanced activity of cyclin D1 and cdk4, restart a cell cycle, forcing the neuron to leave G0 and enter G1 phase. Consequent activation of cell cycle kinases, increases APP phosphorylation (cdk2, cdk4, cdk5) toward producing higher amount of Aβ, while activated caspases during cell cycle increase APP proteolysis. Together, increasing in APP phosphorylation and proteolysis lead to higher production and excretion of Aβ, along with high level of phosphorylated tau due to tau kinase activity of cdk2 and cdk5. Activated mTOR also contributes to Aβ accumulation and plaque formation by blocking autophagy and reducing Aβ clearance.](fnins-13-00155-g001){#F1}

Activation of PI3K/Akt/mTOR pathway is a cellular response to metabolic stress in order to promote survival ([@B125]). Phosphorylated PI3K and Akt, during energy stress situation such as mitochondrial stress enhance survival and inhibits apoptosis. To reduce the burden of metabolic pressure on cells, enhanced oxidative phosphorylation occurs through phosphorylation of downstream proteins in an Akt-dependent manner. This strategy to protect the cells against energy stress, however, costs the cells. Activation of Akt inhibits the activity of a few transcription factors such as FoxO that are in charge of regulating the expression of antioxidant enzymes such as superoxide dismutase, while at the same time it activates mTOR ([@B121]). Consequently, the reduction in antioxidant enzymes expression result in oxidative stress, while the activated mTOR forces the cells into cell cycle and inhibits autophagy. The consequences will be cell cycle progression and autophagy inhibition. Altogether, the activation of cell survival pathway due to energy stress may rescue the cells temporary; however, the long-term consequence could initiate or develop either AD or cancer pathology.

The Impact of Chronic Stress on AD and Cancer Pathogenesis
==========================================================

A wide range of evidence suggests a strong link between the constant elevation in stress-related hormones including glucocorticoids and epinephrine and development of AD hallmarks such as p-tau and Aβ ([@B46]; [@B17]; [@B105]; [@B34]). It is believed that stress not only associates with misprocessing of APP, leading to Aβ plaques formation, but it interrupts the process of normal autophagy, which results in further buildup of intracellular p-tau and extracellular Aβ accumulation ([@B103]). Interestingly, chronic stress also associates with a higher risk of cancer development ([@B27]). Interestingly, PI3K/Akt/mTOR acts as a cross point between AD and cancer, as this pathway is activated under the influence of stress-related hormones, causing cell proliferation and autophagy reduction ([@B103]; [@B27]). While PI3K/Akt/mTOR can be considered as a stress-dependent overlapped pathway between AD and cancer, future studies are still required to elucidate the further details, linking stress-related hormones to PI3K/Akt/mTOR dysregulation.

The Period and Severity of Energy Stress Say the Final Word
===========================================================

While cell stress could be the common trigger for both AD and cancer, the severity of energy stress and the duration that the subject is affected by, seem to be the decision maker in choosing between the two monsters. Compare to AD, which develops within 20 years, cancer could be considered as an acute pathological condition. Uncontrolled cell cycle re-entry in a malignant tissue puts the entire body in a sudden starving situation due to shifting the metabolic resources to affected tissue ([@B61]). Among all the tissues, the brain neurons are the most susceptible cells to suffer from this imbalance between their high metabolic needs and the lack of the proper supply of energy, leading to reactive oxygen species (ROS) accumulation and oxidative damage. This activates a family of FOXO proteins in order to increase the expression of antioxidant enzymes as a protective mechanism to reduce the damage ([@B51]; [@B43]). One of the examples is adenosine monophosphate protein kinase protein (AMPK)-dependent FOXO3 activation under metabolic stress ([@B47]), while mTOR and consequently cell cycle re-entry is also inhibited by AMPK ([@B119]). Activation of FOXO itself also inhibits mTOR pathway, putting an additional halt on neuronal cell cycle re-entry ([@B63]). This acute response may override the neuronal PI3K/Akt/mTOR activation ([@B51]), with the goal of reducing energy stress and oxidative damage, until the patient either dies or survives from the cancer. In survived patients, this protective response of the brain could provide the subject with a higher level of antioxidant enzymes, less chance for cell cycle re-entry and better protection against AD, at least for a while, compare to normal individuals.

For the people with AD who show less prevalence of cancer, energy and oxidative stress are not an acute but a chronic phenomenon, associated with mitochondrial aging and accumulated ROS during decades. Depriving from the acute stimulatory effect of cancer on the FOXO machinery and mTOR inhibition in neurons, these cells will gather the accumulated oxidative damage, and higher possibility to restart a cell cycle, within the years. That can lead to the domination of PI3K/Akt/mTOR pathway, Akt-dependent inactivation of FOXO3 ([@B100]), cell cycle re-entry and AD hallmarks development within a long period of almost 20 years ([Figure 2](#F2){ref-type="fig"}).

![The period of metabolic stress, defines the fate between cancer and AD. **(A)** High metabolic demand of cancerous tissue high jacks energy from highly energy demanded neurons. Acute condition of inadequate supply of energy and concurrent oxidative stress activates AMPK, leading to FOXO activation and m-TOR inhibition. A bust in antioxidant defense occurs along with blocking cell cycle re-entry due to FOXO activation and mTOR inhibition, respectively, which reduces the risk of AD development. **(B)** In the absence of cancer, the acute signal to boost the antioxidant defense of neurons does not exist. Instead, due to aging the neurons, which are facing mitochondrial aging, experience a chronic oxidative stress. This is due to chronic effect of energy stress and accumulation of oxidative damage. Activation of PI3K/Akt pathways dominantly occurs as a protective response, however, this activation leads to further FOXO inhibition and m-TOR activation. Consequently, cell cycle re-entry along with reduced expression of antioxidant enzymes result in progressing of AD pathology.](fnins-13-00155-g002){#F2}

Conclusion
==========

In conclusion, deregulation of cell cycle as a result of PI3K/Akt/mTOR pathway activation can be considered as a trigger for neurodegeneration in AD and explains the overlapped pathogenesis between AD and cancer with a diverse destiny. The common pathological mechanism that leads to cell growth or survival and cell proliferation in cancer but to a massive cell death in AD could explain inverse association between these diseases ([Figure 3](#F3){ref-type="fig"}). Although many other aspects of a possible explanation for AD neurodegeneration and pathological link connecting AD and cancer are remained to be clarified, cell cycle-related mechanism seems to have a major role in AD and cancer development. Further understanding of this mechanism may open the novel ways to discover therapeutic strategies for either situations or both.

![Diagram of the phosphatidylinositol 3 kinase/Akt/mammalian target of the rapamycin (PI3K/Akt/mTOR) pathway and cell cycle and autophagy dysregulation in cancer and Alzheimer's disease (AD). Mitochondrial stress, a common event in AD and cancer activates PI3K/AKT/mTOR pathway. Activated mTOR, promotes cell cycle re-entry and inhibits autophagy. Cell cycle re-entry contributes in cellular over proliferation, with the higher chance of DNA damage as a result, in cancer. Cell cycle could not be completed by mature neurons and will result in neuronal death (neurodegeneration), and AD hallmarks development (beta amyloid (Aβ) and hyperphosphorylated tau) while the neurons are remained in G2 phase of cell cycle, before death. Inhibition of autophagy due to mTOR activation also participates in AD and cancer pathogenesis.](fnins-13-00155-g003){#F3}
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